INTRODUCTION
All organisms must cope with fluctuations in environmental conditions. There is a pervasive difference in the genes expressed during stressful conditions and those that support growth, demonstrating a fundamental role of transcriptional regulation (Gasch et al., 2000) . Rapid and coordinated responses to changes in environmental conditions are essential, but the mechanisms responsible are not well understood.
For the nematode C. elegans, life in the wild is feast or famine, making it an ideal metazoan model to investigate transcriptional responses to nutrient availability. Larvae that hatch without food arrest development in the first larval stage (L1 arrest or L1 diapause) and become resistant to stress (Baugh, 2013) . Arrested larvae respond rapidly to feeding, dramatically altering gene expression and initiating growth (Baugh et al., 2009; Maxwell et al., 2012) . During L1 arrest, RNA polymerase II (Pol II) accumulates at the 5 0 end of genes that are upregulated during recovery (Baugh et al., 2009) , suggesting that postrecruitment regulation of Pol II contributes to nutritional control of transcription.
It has become clear in recent years that postrecruitment regulation of early elongation (pausing) is widespread in the animals where it has been investigated (Core et al., 2008; Kim et al., 2005; Muse et al., 2007; Rahl et al., 2010; Zeitlinger et al., 2007) . Pausing has been suggested to promote rapid response to changes in environmental conditions and during development, as in the heat shock response where it was first discovered (Muse et al., 2007; Rougvie and Lis, 1988; Zeitlinger et al., 2007) . However, pausing does not always predict upregulation in models of inducible gene expression Hah et al., 2011; Lin et al., 2011) .
We previously used Pol II chromatin immunoprecipitation and sequencing (ChIP-seq) to show that the polymerase accumulates at the 5 0 end of many genes during L1 arrest (Baugh et al., 2009) . We hypothesized that this accumulation reflects Pol II pausing. However, a ''paused'' polymerase is defined as having initiated elongation but transiently halted , and ChIP cannot distinguish between elongating and nonelongating Pol II. In addition, the multimeric negative elongation factor (NELF) contributes to pausing in other systems (Nechaev and Adelman, 2011; Renner et al., 2001; Wu et al., 2003) , but none of its subunits has homologs in the C. elegans genome (Narita et al., 2003) . Furthermore, trans-splicing obscures the transcription start site (TSS) of most genes in C. elegans (Allen et al., 2011) , making interpretation of Pol II accumulation difficult.
Our results here suggest that two independent forms of postrecruitment regulation occur during starvation in C. elegans, docking and pausing, affecting growth and stress genes, respectively. Integrated analysis of Pol II binding, nascent transcript production, and elongation confirms that Pol II pausing occurs in starved C. elegans L1 stage larvae, where it is associated with active stress-response genes. Furthermore, a TFIIS mutant suggests backtracking of paused polymerase as in other systems. Surprisingly, this analysis also revealed that ''docked'' Pol II accumulates without initiating transcription just upstream of TSSs of growth genes. In addition to encoding proteins with distinct functions, genes associated with docking and pausing respond in opposite ways to feeding and are enriched for different core promoter motifs. Our results reveal a fundamental distinction between growth and stress genes and suggest that this difference extends to mechanisms of postrecruitment transcriptional regulation.
RESULTS
Nascent RNA Sequencing by scRNA-Seq and GRO-Seq Our published Pol II ChIP-seq analysis could not distinguish between inactive and elongating polymerase (Baugh et al., 2009). To address this, we sequenced short, capped RNAs (scRNA-seq) to measure elongation activity genome wide. Nascent RNAs are capped on their 5 0 end in Drosophila (Rasmussen and Lis, 1993) , providing a strategy to clone and sequence them as scRNA (Nechaev et al., 2010) . In addition, sequencing the 3 0 end of scRNA reveals the location of promoter-proximal Pol II with nucleotide (nt) resolution (Nechaev et al., 2010) . We performed a variety of control experiments that demonstrate the sensitivity, specificity, reproducibility, and fidelity of our scRNA-seq procedure (Figures S1 and S2; Supplemental Information) . These control experiments show that we are able to specifically detect nascent elongation products as scRNAs in C. elegans.
We also analyzed nascent RNAs using global nuclear run-on sequencing (GROseq) data as an independent measurement of elongating Pol II (Kruesi et al., 2013) . Unlike scRNA-seq, which only reports on elongation activity near the TSS, GRO-seq reports on elongation throughout the gene. scRNA-seq also cannot distinguish between RNA species that remain associated with paused Pol II and those that have been released through termination of transcription, but GRO-seq can . However, GRO-seq does not locate the position of paused polymerase with the single-nt resolution of 3 0 scRNAseq. For these reasons, scRNA-seq and GRO-seq provide complementary ways to interrogate elongation.
scRNA-Seq Reveals Pol II Pausing in C. elegans scRNA detection coincides with Pol II accumulation consistent with promoter-proximal pausing. We used scRNA-seq on a pair of biological replicates starved during the L1 larval stage. We identified 789 contiguous regions of 5 0 scRNA-seq coverage (scRNA contigs) that are within 100 bp of the annotated TSS of protein-coding genes. We found that these scRNA contigs are associated with accumulation of Pol II detected by ChIP-seq and GRO-seq (Figure 1 ), suggesting pausing of the polymerase during early elongation. Unless stated otherwise, the Pol II ChIPseq data presented are from Zhong et al. (2010) (Table S1 ). The 5 0 end of scRNA contigs and GRO-seq signal align precisely (Figure 1E) , demonstrating the precision and consistency of these two data sets. These results also suggest that scRNA synthesis initiates at the same position as mRNA synthesis, consistent with scRNAs being nascent transcription products.
Pol II pauses in approximately the same location relative to the TSS in C. elegans as other animals. Sequencing the 5 0 and 3 0 ends of scRNAs allows us to determine their size distribution, revealing the distance traveled by Pol II prior to pausing. Consistent with Drosophila (Nechaev et al., 2010) , 75% of scRNAs are 25-65 nt long ( Figure 1B ). There is also good agreement between the position of the 3 0 ends of scRNA and the peak of Pol II accumulation based on ChIP-seq, as expected for pausing (Figure 1 ). The amount of scRNA correlates with Pol II ChIP-seq and GROseq coverage over scRNA contig coordinates (Spearman's r = 0.37 and 0.30, respectively; Spearman's rank correlation test, p < 2 3 10 À16 for both comparisons), suggesting that these assays detect the same population of paused Pol II molecules. Together, these data provide evidence that Pol II is paused in the promoter-proximal region of many genes during L1 arrest (see below for estimation of the number of paused genes).
TFIIS and Backtracking of Paused Pol II
We found that paused Pol II is prone to backtracking in C. elegans. When Pol II pauses in other organisms, it can backtrack a few base pairs, and the general transcription factor TFIIS helps it resume elongation (Adelman et al., 2005; Kettenberger et al., 2003) . Depleting TFIIS in yeast or Drosophila S2 cells results in net elongation of nascent RNAs near pause sites, reflecting backtracking without cleavage (Churchman and Weissman, 2011; Nechaev et al., 2010) . To examine the function of TFIIS in C. elegans, we sequenced the 3 0 end of scRNAs in a TFIIS mutant (T24H10.1(ok2749)) during L1 arrest. The mutant has a significantly different scRNA size distribution (Kolmogorov-Smirnov test, p < 2.2 3 10 À16 ). In particular, fewer of the shortest scRNAs and more of the moderately sized scRNAs are detected in the TFIIS mutant ( Figure 2A ). This increase in scRNA length is consistent with TFIIS relieving backtracking. Furthermore, these results provide strong evidence that the scRNAs we detect are nascent transcription products as opposed to degradation products. TFIIS also affects the dispersion of pause sites in individual genes. We found that the longest scRNAs are actually less abundant in the TFIIS mutant than wild-type ( Figure 2A ). This result suggests that TFIIS is required for Pol II to escape relatively proximal pause sites and reach secondary pause sites where it is associated with longer scRNAs. To address this hypothesis, we examined the dispersion of pause sites in individual genes. We calculated the coefficient of variation (CV) for the distance between the 3 0 ends of scRNAs and the start of the contig within individual contigs. This analysis revealed that there is a smaller CV in the TFIIS mutant than in wild-type (Figure 2B ; Wilcoxon signed rank test, p = 5.2 3 10 À13 ). This observation is consistent with the mutant having a relatively narrow scRNA size distribution genome wide (Figure 2A ), but it shows that the effect occurs at individual loci. Examination of 3 0 scRNA ends at individual genes supports this interpretation ( Figure 2C ). These results suggest that Pol II pauses in a more focused region in the TFIIS mutant than wild-type, as if TFIIS helps Pol II escape proximal pause sites in order to pause at more distal sites.
TSS Identification and the Frequency of Pausing
The majority of mRNA transcripts in C. elegans have a 22 nt leader sequence added to their 5 0 end in a cotranscriptional trans-splicing reaction (Allen et al., 2011) . As a result, current genome annotation of TSSs actually corresponds to trans-splice sites in the majority of cases. Given that GRO-seq detects nascent RNAs, it provides an opportunity to discover true TSSs. To increase coverage of GRO-seq signal at 5 0 ends, we used data from a variant of GRO-seq called GRO-cap to sequence only the capped 5 0 end of nascent transcripts. Development of this technique, validation, results, and criteria used to identify TSSs are presented elsewhere (Kruesi et al., 2013) . We pooled TSS calls generated from embryos, L1 arrest, and fed L3 stage larvae to generate 5,192 high-confidence true TSSs for protein-coding genes, excluding TSSs found inside operons. We performed scRNA-seq only in L1 arrest, and we detected scRNAs (with a false discovery rate [FDR] of 1%) at 29% of true TSSs. The 5 0 end of scRNAs agrees extremely well with true TSSs ( Figure 3A ). The precise registration of these two data sets reflects the reliability of the TSS calls.
We verified that scRNAs are generated primarily from paused Pol II. Pol II does not appear to pause for the trans-splicing reaction based on Pol II ChIP-seq and GRO-seq ( Figure 3B ). We therefore used the frequency of scRNA reads that begin with the 22 nt SL1 splice leader and extend into the trans-spliced gene to assess the relative contribution of elongating Pol II to scRNA abundance. We assume that scRNAs present at the trans-splice site are produced exclusively by readthrough of elongating Pol II (because there is no pausing) and that scRNAs at TSSs are produced by a combination of readthrough and pausing. The average ratio of scRNAs at TSSs versus trans-splice sites is 4.3, suggesting that on average, about 75% of the scRNAs present at TSSs are due to pausing (Supplemental Information).
scRNA-seq reveals paused Pol II immediately downstream of true TSSs. We applied a cutoff of 20 reads of scRNA at the TSS and found 8.2% of genes with evidence of Pol II pausing by this criterion (Table S2 ). This frequency is consistent with an independent analysis of the GRO-seq pausing index (Kruesi et al., 2013) . However, caveats apply to the interpretation of these results. For example, whole animals were used for all of our measurements, presumably affecting sensitivity, and an arbitrary cutoff is used in both cases. Furthermore, paused Pol II is not the only source of scRNA (see above and the Supplemental Information), and the GRO-seq pause index is very sensitive to weak signal in the body of the gene (the denominator of the index). Caveats aside, it is noteworthy that pausing in starved C. elegans larvae appears less common than in other systems where it has been investigated. Nevertheless, this analysis suggests that Pol II pauses downstream of true TSSs during starvation in C. elegans (for examples, see Figure S3 ). 
Docked Pol II Accumulates Upstream of TSSs without Initiating
Metagene analysis reveals that Pol II accumulation is bimodal near true TSSs. Pol II accumulation is evident just downstream of the true TSSs based on both GRO-seq and Pol II ChIP-seq ( Figure 3A ), as expected given our analysis of scRNA contigs. Surprisingly, and in contrast to the scRNA contigs ( Figure 1D ), Pol II ChIP-seq coverage around true TSSs is relatively broad, with a mode of the distribution upstream of the TSS ( Figure 3A ), which is inconsistent with pausing. Examination of individual genes reveals some with Pol II accumulation downstream of the TSS ( Figure S3 ), some with it upstream ( Figure S4 ), and some with it in both places ( Figure S2 ). Pol II accumulates upstream of TSSs prior to initiation. Because the set of true TSSs we are using was identified from a combination of embryos as well as starved and fed larvae, not all of them are active during L1 arrest. We hypothesized that inclusion of inactive TSSs in metagene analysis resulted in detection of the additional upstream mode of Pol II binding. Consistent with this hypothesis, dividing genes into deciles of scRNA abundance and plotting Pol II ChIP-seq coverage reveal that genes with more scRNA have more Pol II accumulation downstream of the TSS, reflecting paused elongation complexes ( Figure 3C ). Conversely, genes with less scRNA tend to have accumulation of Pol II upstream of the TSS. A heatmap of individual genes shows this pattern as well ( Figure 3D ). The same pattern also results when Pol II ChIP-seq coverage is plotted for deciles of GRO-seq signal ( Figure S5A ) or for deciles of Pol II ChIP-seq coverage in the body of the gene, a proxy for elongation activity ( Figure S5B ). These results show that accumulation of Pol II upstream of the TSS occurs at genes with relatively little elongation activity. We refer to Pol II accumulated upstream of TSSs as ''docked'' to indicate that it is recruited to the DNA but has not initiated transcription and that its position is inconsistent with a typical preinitiation complex.
Upstream Accumulation of Pol II Is Not due to Divergent Transcription We used unsupervised clustering to identify docked genes based on accumulation of Pol II upstream of the TSS. Genes were assigned to one of three clusters based on Pol II ChIPseq coverage from 200 bp upstream to 200 bp downstream of the TSS. The three clusters include genes with Pol II accumulation upstream of the TSS (docked cluster; 15%), with Pol II downstream of the TSS (active cluster; 14%), and with relatively low amounts of Pol II binding (no signal cluster; 71%) ( Figure 4A ). Genes in the docked cluster have relatively little Pol II in the body of the gene and very little elongation activity based on scRNA abundance and GRO-seq. Individual examples of genes from the docked cluster clearly show this pattern as well (Figures 4B and S4) . Genes in the active cluster have significantly more Pol II in the body of the gene and much more elongation activity based on scRNA abundance and GRO-seq ( Figures 4A and 4C ). The active cluster is enriched for genes that appear paused based on scRNA abundance (at least 20 reads) and GRO-seq (pause index greater than two) (Fisher's exact test; p < 2 3 10 À16 and = 3.4 3 10 À5 , respectively; Table S2 ). Indeed, the active cluster appears paused on average, though not all genes in this cluster show evidence of pausing. Pol II accumulation upstream of TSSs (docking) is not due to antisense or divergent transcription. We used our GRO-seq data to identify genes that are divergently transcribed during L1 arrest and to split them into groups based on the amount of divergent signal. The frequency of divergent transcription has been analyzed elsewhere (Kruesi et al., 2013; Chen et al., 2013) . For genes in the docked and active clusters, the Pol II peak position is unaffected by divergent transcription ( Figure 5A ). We used a ChIP-seq normalization method that improves peak resolution (Enroth et al., 2012) , and the offset between the Pol II peak in each cluster is clear ( Figure 5A ). We also examined the average Pol II position relative to sense and antisense elongation based on GRO-seq and scRNA-seq. For docked genes, Pol II ChIP-seq signal peaks between regions of active transcription, though for active genes, the peak coincides with sense transcription (Figures 5B and 5C ). These results are inconsistent with divergent transcription causing Pol II accumulation upstream of the TSS. The relative magnitude of Pol II ChIP-seq signal compared to elongation in either direction is also much larger in the docked cluster ( Figures 5B and 5C ), providing additional evidence that Pol II accumulation upstream of the TSS is not associated with sense or antisense transcription.
Docked and Paused Genes Have Distinct Function and Expression
Genes with docked and active Pol II encode functionally distinct proteins. Genes in the docked cluster are enriched for Gene Ontology (GO) terms associated with growth and development, such as ''growth,'' ''larval development,'' and ''translation'' ( Figure 6A ; Table S3 ). In contrast, genes in the active cluster, many of which are paused, are enriched for GO terms associated with the starvation response, such as ''response to stress'' and ''response to unfolded protein'' (a term that includes multiple chaperone proteins). This analysis supports the view that docked and paused genes encode functionally distinct products. Because docked and active genes are transcribed at different levels during starvation and have different functions, we hypothesized that their transcriptional response to feeding differs. We used previously analyzed microarray data to address this possibility (Baugh et al., 2009) . These data were collected from precisely staged animals that hatch in the presence or absence of food, so they either initiate L1 development or enter L1 arrest. We also analyzed expression during recovery from L1 arrest by feeding after 12 hr starvation. Genes docked during starvation are upregulated relative to other genes when development is initiated after hatching with food, consistent with their GO term enrichments ( Figure 6B ). In contrast, genes in the active cluster are downregulated during development, consistent with them comprising the starvation response. Likewise, docked genes are upregulated and active genes are downregulated at 3 hr of recovery after 12 hr of starvation ( Figure 6B) . Notably, paused genes in the active cluster show the same pattern of upregulation during starvation and downregulation during recovery (data not shown). This indicates that paused genes do not have a different pattern of expression from the rest of the active cluster. Taken together, these results show that docked and paused genes respond on average in opposite ways to feeding. mRNA-seq analysis of L1 arrest and recovery confirms that docked and active genes have opposite transcriptional responses to feeding. These data were collected after $12 hr of L1 arrest (0 hr recovery) and at 1, 3, and 6 hr of recovery by feeding (Maxwell et al., 2012) . Docked genes significantly increase transcript abundance during recovery from L1 arrest, and active genes significantly decrease abundance (data not shown), similar to the results of microarray analysis. Yet, average expression does not reveal what fraction of docked and active genes are up-and downregulated, respectively. Therefore, we determined which genes increased or decreased expression during recovery and which of those are statistically significant (Q < 0.05). We then intersected these gene sets with the docked and active genes identified by cluster analysis ( Figure 6C ). Of docked genes, 39% are significantly upregulated during recovery from L1 arrest (Fisher's exact test, p = 2.4 3 10 À7 ), representing 73% of differentially expressed docked genes. Conversely, 45% of active genes are significantly downregulated (Fisher's exact test; p = 2.2 3 10 À7 ), representing 63% of differentially expressed active genes. These results show that the average upregulation and downregulation of docked and active genes, respectively, during recovery from L1 arrest reflect the major trend in each case.
Docking Decreases during Recovery but Is Not Specific to Starvation
Docking decreases in response to feeding. To examine whether docking is restricted to starvation, we analyzed a different Pol II ChIP-seq data set generated from L1 arrest and 1 hr recovery (Baugh et al., 2009) . We found a similar number of docked genes during L1 arrest in these data as in the data from Zhong et al.
(2010) that we analyze elsewhere ( Figure S6A ; Supplemental Information). This result shows that docked Pol II is detected in two independent data sets and at a set of common genes (Fishers' exact test, p < 2.2 3 10
À16
). However, there are eight-times fewer docked genes after 1 hr of feeding. Likewise, the total amount of Pol II upstream of docked genes decreases significantly after 1 hr of feeding compared to L1 arrest (Paired Wilcox test, p = 9.2 3 10 À9 ). This difference is readily apparent in the metagene analysis of docked genes during L1 arrest and 1 hr recovery ( Figure 6D ). These results show that docking is uncommon during early L1 development compared to L1 arrest, demonstrating that it is influenced by nutrient availability. Although most genes that are docked during L1 arrest are no longer docked after 1 hr feeding, some genes remain docked ( Figure S6A ). Interestingly, transcript abundance increases most for these genes during early L1 development ( Figure S6B ). These genes are also significantly more upregulated after 1 and 6 hr of recovery from L1 arrest (Wilcox test, p = 0.042 and p = 0.001, respectively). This further illustrates a correlation between docking and upregulation in response to feeding, and it shows that docking can occur outside of starvation.
Independent of starvation, there are other periods in the life cycle associated with lack of or reduced growth. For example, there is no growth during embryogenesis, and the relative growth rate decreases in the latter portion of each larval stage (Knight et al., 2002) . Genes associated with growth are not abundantly expressed during embryogenesis or L1 arrest (Zaslaver et al., 2011) , and they are downregulated during late L1 development as larvae prepare to molt (Baugh et al., 2009 ). Likewise, although docked genes are upregulated during early L1 development (0-6 hr; Figure 6B ), their expression decreases during later L1 development (6-16 hr; Figure S6B ). We examined published Pol II ChIP-seq data prepared from mixed-stage embryos and fed L3 larvae (Gerstein et al., 2010; Zhong et al., 2010) . These data were prepared with transgenic animals expressing a GFP fusion to the large Pol II subunit (AMA-1) and an antibody against GFP. This result therefore provides an important control for our results. Docking is nearly as common in embryos as in starved L1s, whereas it is less common in fed L3 larvae ( Figure S6C ; Supplemental Information). An overlapping set of genes is also docked in each stage (Figure S6D ; Fisher's exact test, p < 2 3 10 À16 for all pairwise comparisons). It is unclear whether the fed L3 larvae were collected (B) Gene expression during early L1 development (left) and L1 arrest and 3 hr recovery (right) is plotted for the docked (orange) and active (blue) clusters, as well as for all genes (black). Vertical bars on the ''All genes'' line show the 95% confidence interval of the mean constructed by subsampling 10% of the data 1,000 times. (C) Venn diagrams showing the numbers of genes in the docked and active clusters whose expression increases, and increases significantly during the first 6 hr of recovery from starvation based on mRNA-seq analysis. Genes were considered ''differentially expressed'' at a FDR of 1%. We tested for differential expression in 3,093 genes that had detectable mRNA reads (FDR 1%) and also had true TSS calls.
(D) Coverage of Pol II ChIP-seq data around docked genes is plotted during L1 arrest and after 1 hr recovery. In contrast to other figures, Pol II ChIP-seq data are from Baugh et al. (2009) . All coverages are the median bootstrap estimates of the mean. See also Figure S6 and Table S3. early or late in the larval stage, and we may detect docking at least in part due to the staging of these animals. These data further show that docking can occur outside of L1 arrest, perhaps in conjunction with reduced growth.
Docked and Paused Genes Have Distinct Promoter Architectures
The fact that docked and active genes have opposite transcriptional responses to feeding suggests a fundamental difference in their regulation. We hypothesized that this difference in regulation is reflected in the promoter architecture of these two gene sets. We used the software FIMO from the MEME suite to look in promoters (200 bp upstream and 100 bp downstream of TSSs) for occurrences of known core motifs defined in the JASPAR database (Bryne et al., 2008; Grant et al., 2011) . Most core motifs (9 of 13) are enriched in the active cluster with a FDR cutoff of 5%, including TATA, GC box, and Initiator (Inr) (Fisher's exact test, Q = 1 3 10 À16 , 4 3 10 À10 , and 0.009, respectively; Figure 7A ; Table S4 ). Only MTE-1 is enriched in the docked cluster (Fisher's exact test, Q = 0.003), and both Inr and TATA are significantly depleted from this cluster (Fisher's exact test, Q = 3.4 3 10 À6 and 5 3 10 À8 , respectively). Within the active cluster, paused genes are significantly more likely to have a TATA motif in their promoter than genes that are not paused (45% versus 30%, respectively; Fishers' exact test, Q = 0.009). These results show that known core promoter motifs are associated with paused but not docked genes. Docked genes are associated with distinct promoter motifs. We used the motif identification software DREME from the MEME suite to find motifs differentially enriched among genes in the docked cluster compared to the active cluster, and vice versa (Bailey, 2011) . DREME identified 9 motifs enriched in the docked cluster and 11 in the active cluster (Table S5) . Consistent with our analysis of known core motifs, this unbiased approach identified the canonical TATA motif TATAWAAG as enriched in the active cluster compared to the docked cluster (DREME; E = 1.2 3 10 À14 ). These results provide additional evidence that genes in the docked and active clusters have distinct sets of core promoter motifs. The presence of a TATA box has functional consequences at active but not docked genes. The TATA motif is depleted from the docked cluster, but it does occur at some genes in the cluster. However, the presence of TATA does not appear to affect recruitment or elongation at these genes as it does for active genes. That is, TATA is associated with greater Pol II occupancy at active genes based on Pol II ChIP-seq, scRNAseq, and GRO-seq coverage, but it does not have this effect on docked genes in the rare cases that it is present ( Figure 7B ). Because active genes do not appear to be regulated at the level of initiation, this result is consistent with TATA promoting recruitment of Pol II to active but not docked genes.
DISCUSSION
We present an integrated genome-wide analysis of Pol II binding, elongation activity, mRNA abundance, and core promoter motifs that reveals distinct forms of postrecruitment regulation of growth and stress genes ( Figure 7C ). We confirm that promoter-proximal pausing occurs during starvation in C. elegans, but it is associated with active stress-response genes that are downregulated in response to feeding. Our results also suggest that initiation is regulated postrecruitment during starvation, resulting in accumulation of docked Pol II upstream of TSSs. In (docked) is associated with growth and development genes not expressed during starvation but upregulated by feeding. In contrast, promoter-proximal pausing of early elongation is associated with genes expressed during starvation and downregulated during growth, which includes stress-response genes. Starvation genes are much more likely than growth genes to have a TATA box, suggesting alternative core transcriptional machinery in the preinitiation complex of these two sets of genes. We propose that upstream accumulation of docked Pol II involves at least one unknown factor that docks Pol II, represented by a pentagon. See also Tables S4 and S5. contrast to paused Pol II, docked Pol II is associated with growth and development genes that are rapidly upregulated in response to feeding. We propose that postrecruitment regulation of initiation and elongation coordinates gene expression with nutrient availability and growth.
Promoter-Proximal Pausing in C. elegans L1 Arrest Like S. cerevisiae, the C. elegans genome does not encode homologs for any NELF subunits (Narita et al., 2003) , an important regulator of pausing in Drosophila and mammals (Nechaev et al., 2010) . Nevertheless, multiple lines of evidence suggest that promoter-proximal pausing occurs during starvation in C. elegans. We show that scRNAs are produced and that their 3 0 ends coincide with Pol II accumulation in promoter-proximal regions, consistent with pausing. Pausing has been reported in L1 arrest based on GRO-seq (Kruesi et al., 2013) , and we corroborate and expand on this result using scRNA-seq as an independent approach to detect Pol II elongation. scRNA-seq also allows us to show that Pol II typically pauses 30-65 bp downstream of TSSs, similar to Drosophila (Nechaev et al., 2010) . We also show that the general transcription factor TFIIS has conserved function in C. elegans, alleviating backtracking of paused polymerase (Adelman et al., 2005; Kettenberger et al., 2003; Nechaev et al., 2010) . Furthermore, the core promoter motifs TATA and Inr are associated with pausing, consistent with Drosophila and the complex interaction model that posits a role of these core promoter elements in regulation of early elongation (Kwak et al., 2013) . We considered the possibility that our results could reflect premature termination rather than pausing. However, our 3 0 scRNA-seq reads (including those that did not map) show no evidence of polyadenylation (data not shown). Given this negative result and the strong similarities to pausing in other systems, we conclude that pausing occurs during L1 arrest in C. elegans. Given the apparent lack of NELF, this conclusion implies a NELF-independent pausing mechanism, perhaps involving some combination of the conserved DSIF complex, an unidentified GAGA factor or M1BP homolog, and the core promoter factors (Li and Gilmour, 2013; Missra and Gilmour, 2010; Wada et al., 1998; Kwak et al., 2013) .
Pausing is less common in C. elegans than in other systems. Our results suggest that $8% of the 5,192 C. elegans genes we examined are paused during L1 arrest. Pausing is even less common in embryos and fed L3 stage larvae (Kruesi et al., 2013) . Investigation of Drosophila and mammals suggests that pausing is substantially more widespread (Core et al., 2008 (Core et al., , 2012 Min et al., 2011; Muse et al., 2007; Zeitlinger et al., 2007) . Despite the relatively low frequency of genes with strong evidence for pausing, 5 0 accumulation of active Pol II just downstream of TSSs is a pervasive pattern in the data we present. We show that this pattern is not an effect of outliers, suggesting that regulation of elongation may be widespread but with only a modest effect at most genes. It would be valuable to inhibit P-TEFb to determine if in fact many more genes are regulated during early elongation than our studies have revealed (Rahl et al., 2010) .
Pausing has been suggested to facilitate a rapid response to stimulus (Lis, 1998; Muse et al., 2007; Zeitlinger et al., 2007) , but this is not always the case. Pausing was discovered in the context of the heat shock response, a classic example of rapid stimulus-response dynamics (O'Brien and Lis, 1991; Rougvie and Lis, 1988) . However, several studies of stimulusresponse systems suggest that paused genes are not necessarily induced in response to stimuli Hah et al., 2011; Lin et al., 2011) . In mammalian cells, pausing appears to regulate the expression of rapidly induced targets of TNF-a signaling, but not targets of E2 signaling (Danko et al., 2013) . These studies and others suggest that the physiological role of pausing depends on context .
We show that Pol II pauses at actively transcribed genes during starvation in C. elegans and that these genes are downregulated in response to feeding. Genes with the most elongation activity, as assessed by scRNA-seq, GRO-seq, and Pol II binding to the gene body, show a pervasive pattern of Pol II accumulation indicative of pausing. This suggests that pausing does not repress transcription during starvation. Furthermore, rather than providing a mechanism to anticipate future activation, genes associated with pausing are downregulated relative to other genes during recovery from starvation. Consistent with this expression pattern, genes associated with pausing are enriched for stress-response genes. Pausing is much less common in embryos or fed larvae (Kruesi et al., 2013) , consistent with it reflecting a stress response. These observations suggest that the physiological function of pausing in C. elegans is to promote the expression of genes needed during starvation, not to prime genes for induction in response to feeding.
Docking Represents Postrecruitment Regulation of
Initiation Surprisingly, inactive Pol II associates with DNA upstream of TSSs. The amount of upstream Pol II is inversely proportional to the elongation activity at that gene as measured by scRNA-seq, GRO-seq, or Pol II binding to the gene body. We hypothesize that Pol II accumulation upstream of these genes represents nutrient-dependent regulation of transcription initiation. We found the canonical TATA motif in C. elegans $30 bp upstream of the TSS, but Pol II accumulates further upstream ($60 bp). It is unlikely that this accumulation corresponds to a fully assembled preinitiation complex. However, partially assembled preinitiation complexes have been reported by Esnault et al. (2008) . We suggest that ''docking'' should be used to specify recruitment of Pol II upstream of TSSs without initiation.
Three alternative hypotheses could explain upstream accumulation of Pol II: (1) antisense or divergent transcription, (2) abortive initiation, and (3) unregulated transient interaction of Pol II with DNA. The position of docked Pol II is unaffected by and inconsistent with divergent transcription. In addition, the position of docked Pol II upstream of the TSS suggests that it is not undergoing abortive initiation. Multiple lines of evidence argue against a transient interaction model. In this model, Pol II is transiently associating with the relatively weak core promoters of ''TATA-less'' genes during starvation, with insufficient ATP to promote initiation. However, significant amounts of Pol II accumulate at docked genes compared to paused genes, which is inconsistent with transient interaction. Furthermore, not all genes actively transcribed during L1 arrest have a TATA element in their promoters. This observation shows that TATA is not required for transcription during starvation, suggesting that relatively weak core promoters can initiate despite starvation. Finally, docking is not confined to starvation because it is present in both embryos and fed L3 larvae. Taken together, our results suggest that upstream accumulation of Pol II is due to it stably associating with DNA but not initiating transcription.
Other examples of postrecruitment, preinitiation regulation of Pol II have been reported. Notably, lymphocyte activation, which involves transcriptome amplification, was recently shown to involve widespread, TFIIH-dependent promoter melting (Kouzine et al., 2013) . Pol II also accumulates upstream of many S. cerevisiae genes during stationary phase, where it anticipates future induction upon addition of fresh media (Radonjic et al., 2005) . Pol II colocalizes with mediator subunits upstream of the TSS during stationary phase, which may provide a binding platform for docked Pol II during quiescence (Andrau et al., 2006) . It is tempting to speculate that a similar mechanism operates in C. elegans, presumably also involving TFIIH and promoter melting.
Docking Is Associated with Genes Induced by Feeding
We previously reported 5 0 accumulation of Pol II at growth and development genes during starvation in C. elegans, but we could not distinguish between docking and pausing (Baugh et al., 2009) . Pausing was the only form of promoter-proximal postrecruitment regulation known in metazoans, and we speculated that genes with 5 0 accumulation of Pol II were paused. However, most of the genes identified were actually docked. Here, we used unsupervised clustering to identify genes with docked Pol II during L1 arrest, and we found that about 15% of genes have docked Pol II. Although docked genes have little transcriptional activity during starvation, a significant fraction of Pol II near TSSs is docked compared to paused, suggesting physiological significance. GO term enrichments suggest that genes with docked Pol II function in growth and development. Consistent with this interpretation, these genes are upregulated in response to feeding after hatching with food and during recovery from L1 arrest. Our results show that Pol II accumulation upstream or downstream of TSSs marks two very different sets of genes.
Docking is influenced by nutrient availability but occurs outside of L1 arrest. Based on the available data, docking is most common in L1 arrest and embryos, and growth gene expression is relatively low in both stages (Zaslaver et al., 2011) . Docking also decreases dramatically during immediate recovery from L1 arrest in conjunction with upregulation of docked genes. We propose that docking is associated with periods of no growth (e.g., embryogenesis and L1 arrest) or relatively reduced growth (e.g., the latter portion of each larval stage), but not growth-intensive periods (e.g., the beginning of each larval stage). Such association suggests that docking plays a pervasive role in regulating growth gene expression. We speculate that docking maintains an open chromatin state permissive to regulation, analogous to what has been proposed for pausing (Gilchrist et al., 2008 (Gilchrist et al., , 2010 .
Fundamentally Distinct Regulation of Growth and Stress Genes Stress resistance and growth reflect distinct, often exclusive priorities. There is a clear distinction in S. cerevisiae between the genes expressed during stress and growth (Gasch et al., 2000) . Furthermore, in S. cerevisiae, stress-response genes have canonical TATA motifs and are regulated by SAGA, whereas housekeeping genes tend to be ''TATA-less'' and regulated by TFIID (Huisinga and Pugh, 2004) . Interestingly, TATA-containing genes tend to have a focused transcriptional initiation pattern in C. elegans (Chen et al., 2013) , suggesting that this difference is conserved. Starvation causes developmental arrest and confers stress resistance in C. elegans (Baugh, 2013) , and distinct sets of genes are expressed during arrest and development (Baugh et al., 2009; Maxwell et al., 2012) . Our results suggest that these two very different types of genes are transcriptionally regulated by distinct postrecruitment mechanisms and that the mode of regulation is correlated with differences in core promoter architecture. In particular, paused genes are enriched for the TATA motif, and docked genes are depleted for this core motif and others. More experiments are needed to determine whether all genes are prone to docking, as demonstrated for pausing in mammals (Rahl et al., 2010) . However, we speculate that growth and stress genes in C. elegans tend to employ alternative pathways of preinitiation complex formation, perhaps differentially utilizing TFIID and SAGA, affecting their point of postrecruitment regulation and expression.
Growth rate and stress resistance must be balanced to ensure survival and optimize fitness. Mechanisms that control gene expression in response to fluctuating environmental conditions are critical to environmental adaptation, and their disruption can cause cancer, diabetes, and other diseases. Our results suggest that postrecruitment regulation of initiation and elongation affects growth and stress genes reciprocally to coordinate gene expression with nutrient availability and growth. We anticipate that the putative regulatory mechanisms we describe will be conserved with implications for environmental adaptation as well as human health and disease.
EXPERIMENTAL PROCEDURES
Nematodes were cultured and arrested as previously described (Baugh et al., 2009) . scRNA-seq libraries were prepared by size selecting total RNA between 30 and 100 nt, treating sequentially with RNA 5 0 Polyphosphatase (Epicenter),
Terminator 5 0 -Phosphate Dependent Exonuclease (Epicenter), and Tobacco Acid Pyrophosphatase (Epicenter), and then following the SOLiD RNA-seq protocol (Applied Biosystems) with appropriate modifications to accommodate irregular insert size. Reads were mapped to the C. elegans genome (WS210) in color space using Bowtie v.0.12.7 (Langmead et al., 2009 ). Additional information on analysis procedures can be found in Supplemental Experimental Procedures.
ACCESSION NUMBERS
The NCBI Gene Expression Omnibus accession number for the scRNA-seq data reported in this paper is GSE40161. Accession numbers of other data sets analyzed are in Table S1 . 
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